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THEORETICAL ALPHA STAR POFULATIQHS IH LC&DiD HUCIEAR EMJLSIOKS 

By F» E. Senftle, T« A 0 Farley? and. La It. Stieff

ABSTBACT

Calculations haye been made of alpha star populations in loaded 

nuclear emulsions* Equations are presented for calculation of star 

types for each significant emitter in the three naturally radioactive 

series ft The application ©f five-branched star populations ae a method 

of quantitative analysis for mlerogram amounts of thorium is proposed,,

INTRODUCTION

Loaded nuclear emulsions have been frequently used to observe 

the successive alpha particles emitted in the radioactive decay of 

the uranium and thorium series a Hhen the intermediate members of a 

series are short -lived,, stars consisting of from two to five alpha 

tracks will be formed. Yagoda (19^-9) has shown experimentally that 

the number ©f stars with a given number of tracks will vary depending 

on the radioactive series s concentration^ and the length of the 

eacposure time* As the half-lives of the decay products of the thorium 

series are in general shorter than those of the uranium series, for 

equal amounts the thorium series forms the most five-branched stars*, 

Yagoda has proposed star counting 'as the basis of a method for thorium 

analysis 0

This theoretical study of alpha star populations in loaded 

emulsions was undertaken in an effort to find a quantitative method 

for the analysis of less than aicrogram amounts of thorium in the



presence of larger amounts of uranium* More recently Frota-PessSa 

(1952) has proposed star counting as a method to measure Ra226 in 

the presence of thorium* Isaac and Picciotto (1955) haTe used a , 

similar method for Th230 (ionium) analysis in deep-sea sediments 

with considerable success, and Sehneider and Matitsch (1952) have 

used the same technique for actinium analysis»

For these and other applications of loaded nuclear emulsions 

in the quantitative analysis of radioactive isotopes of the thorium 

or uranium series, a knowledge of the distribution of various multiple~ 

branched stars for a given concentration and exposure time is desirable* 

Flamant (19^8) has calculated the probability of formation of multiple 

track stars relative to the number of disintegrations of the parent 

element in each of the natural radioactive series» However, as the 

parent elements of each series are decaying at different rates, the 

results do not conveniently allow comparison of numbers of like stare 

from the different series* Moreover, whereas the number of disinte 

grations of eaeh daughter species is equal t© the number of disinte<= 

grations of the parent member of the series, the number of disintegrations 

of the original amount of 'a short-lived daughter nuclicte present is 

not e^ual to the number of disintegrations of the parent nuclide* 

Thus, for the shortlived nuclicles Plammnt's probabilities ds not 

represent the actual star-type distribution in a loaded nuclear emulsion, 

although for Iong«live4 nuclides they are etuite accurate* For these 

reasons it has been found expedient to compute analytical expressions 

for each type of star from each of the significantly contributing 

members of the series as well as summation formulae for the whole series *



METHOD OF CALCULATION

Consider a hypothetical radioactive chain in which each member 

is in secular equilibrium, and in -which the number of atoms, N, of 

each species is genetically related as follows s

The transformations of each member of this series during a time , t , ' 

can be represented as in figure 1* Of the original number of parent 

atoms 3 HI, some will decay in time t to form iN2 of type -2 atoms , 

During the same period iNj| type -2 atoms will also be formed by decay 

of the parent species, HI, but these will further decay to other 

daughter products, iNs, iKU, etc*, before the end of time t« In a 

similar manner the number of type -2 atoms, lilfe? originally present 

will decay forming a number of different daughter nuclides, 2% » sfi** 

etc.,

If P for simplicity, we assume that all of the species are alpha 

emitters then the number of multiple track alpha stars can be readily 

deduced o Thus the number of single tracks, JSi, from type=l atoms 

will be iN2 » Likewise the single tracks, jS2 , accruing from type -2 

atoms will be 2^3? and the single tracks formed by the series will be 

i=n~l

\ v '

1=1

In an analogous manner the number of double track stars, from 

type-1 atoms will be iHs and the series equation will be

1=1
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However, the natural radioactive series are made up of beta 

emitters as well as alpha emitters and the above treatment becomes

more complicated because beta particles are not ordinarily observed 

on alpha sensitive emulsions 0 Because of these beta emitters a 

triple alpha track star5 for example, may be formed by a series of 

decays only three of which are alpha decays   TfattSj, in the thorium 

series the total number of triple tracks from Ra224 will not be 

simply represented by the number of Fb212 atoms formed but by the 

sum of the Fb212 P Bi212 and Po212 atoms, i 0 e 0 by

N + N + H
  224 ,-212 « 224 ,,.212 D 224 212Ra^S Pb Ra Bi : Ra Po

Bateman (1910) has given an equation for calculating the number 

of atoms which decay to and remain at any. given member of 'any series 

during an exposure period to In many instances, however, the results 

obtained by using the conventional form of the equation are subject to 

large errors 0 To obviate such errors Flanagan aad Senftle (195?) have 

used an approximation method and have complied tables to facilitate 

the otherwise laborious calculations,, The results and calculations 

presented here have been obtained from the data in their paper e The 

formulas in table 1 are based on the amounts of-each daughter nuclide 

which is in equilibrium with one microgram of u238 or -of Th232 * Modes 

of decay which give rise to an insignificant number of stars during an 

exposure time up to 500 hourSp as compared to other emitters in the 

series, have been ignored both in the individual and in the summation 

formulas» Terms in the individual formulas, small in comparison.to 

terms in other individual formulas,, have been dropped from the summation 

formulas »
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Analytical eaepressions for calculating the number of multiple 

traeke from the sigoifieant members of eaela of 'the naturally radioaetiTe 

series are shown in table 1. The eaeposure time t is in seconds* T&e 

summation formulas for each series are stows, in table 2» For the 

thorium or -uranium series comparisons up to an exposure time of 500 

hours are shorn in figures 2 through 6. linen the parent element is 

in amounts larger -or smaller than one mierogram, the star population 

for a gltfen multiple etar will be directly proportional to the data 

in the graphs. The ratio of different star types of a given series, 

os the other hand, is independent of the amount of parent present 0 

For -chemically separated radi©elements loaded into an emulsion^ the 

gtar population distribution ean be computed from the formulas in table 2,

DISCUSSION

Flamant (19^8) has calculated the probability of existence of 

 multiple track stars relatiYe to the number of 'disintegrations of the 

parent anelide ©f the series* -For daughter elements with relatively 

loag half=l±Yes the number of disintegrations during the estpos-ore time 

for the amount originally present will be essentially the same as the 

number for the parent nuclide ©f the series. -For these cases our 

calculations are in agreement irith Flamant*s.

For short half-liYed daughter nuclides, however, the number of 

disintegrations of the atoms originally present during the exposure time 

is less than the number -of disintegrations of the parent nuclidee 

Therefore, Flamant ! s probabilities cbo not give the aetual star 

distribution in a loaded emulsion for this type of emitter* For ejcample, 

the star population for Th238 at 500 hours is compared for the tiro ^
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methods in table 3A. -There is essential agreement as the half-life

of Th22 is relatively long -(T^f. = 1.90 years). A further eompari-
I 

son is made in table JB for the short half-life daughter pjiclide
004,

Ra (T J - 3«6^ days). Flamant^d data are given in percentage of
2

the number of disintegrations of the parent nuelide and they do not 

add up to 100 percent. .Tne percentage calculated from the formulas 

in this paper are the percentages which will be observed in a nuclear 

emulsion provided the star splitting effect due to diffusion is 

negligible.

Star splitting due to diffusion in the uranium series has "been 

investigated by Frota-Pessoa (1952) and in ihe thorium series by EicSbolz 

and Flaek (I95l)« In both eases the effect was observed at above 

freezing temperatures» For analytical work this could probably be 

minimized by exposing the plates at lower temperatures.

ANALYTICAL APPLICATIONS

The theoretical calculations reported in this papsr were under - 

taken in an effort to develop a method of thorloai analysis for less 

than misrogram amounts in the presence of larger amounts of uranium. 

The quantitative analysis of thorium by determining the abundance of 

five-branched stars in a loaded nuclear emulsion and the comparison of 

observed and predicted star populations in loaded emulsions wiH be 

presented in a separate paper. In addition, the comparison of 

observed and predicted star populations may be used to check t&e 

half-lives of several members of the uranium and thorium series. 

Variations in the star populations with depth in the emulsion may "be 

used to study rates of diffusion in the eaulsions of tke different
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Table 3. =Comparison of Th228 and Ra224 star populations determined 

by Flamant (19^8) and by the method presented here.

Determined by _ 
__ i j_ -ri-n j /-\n\,O\ JLSLibTrack type Plamant (1948)

(percent}

228A Th star population

25 25 s~j *-j

Qmadraple tracks 2 3 

Quintuple tracks (via Po212 )
72

nTiT PI  f"ima/^>1rci itr-to ftiT\i$JJu-*> Ui S(»^ Ji^s ^ V iSfc X JL

star populal

Triple tracks 1 ' 0*3

Quadruple tracks (via Po212 } 16)
) 99-6 

Quadruple tracks (via T12OS ) 7)
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members of the radioactive series and rates of diffusion of different 

isotopes of the same radioactive element «

As the uranium analysis can be readily made by conventional 

chemical methods, the following proposed star counting technique can 

be used for thorium analysis in low concentrations * To -the solution 

of a sample containing uranium and thorium which has bees stripped 

of its radium and radon but whose specific beta activity is known, 

add a known amount of Th2^* -(as a radio tracer for Ei228 )o A nuclear 

emulsion is then loaded by immersion in the resulting solution 9 driedj, 

and the beta activity per unit area of the emulsion is measured, The 

volume of solution per unit area taken up by the emulsion is determined 

"by its beta activity. After suitable exposure, the loaded emulsibn 

is developed and the number of five-branched stars per ussit area is 

determinedo The number of five-forasehed stars counted ean Tbe corrected 

"by subtracting the five-branched stars produced "by the Ra223 in the 

U235 series as the total uranium concentration is kaOTa6 For a given 

exposure the somber of micro^amE of thorium is the original solution 

is equal to

Th (mierograms/ml) «   =-
_S3

Th
A

where A is the loading factor in cm2/mlj If is the number of five-branched 

stars counted, and U is the uranium concentration in mlerograms/sjl*   

If a nuclear emulsion is. loaded with a solution of uranium and 

thorium in equilibrium, the thorium content of the solution can be 

determined using a method of simultaneous equations similar to that 

discussed by Schneider and Matitseh (1952). .This method is useful for 

the Tfe/U ratios in the range from D a01 to 1.0. If Qi aad Qg are the



tions will hold for the thorium and uranium eontent ©f a given volume

- Qi = kj. Th + ksU, for t = t^ "

Qg = k© Th + k^U, for t = ta 

The k constants are the number of five track stars per atom of tbe

of pareat

plied by the ratio pf atomic weighte in ordsr to eoavert the atom 

ratio t© a weight rati© 0 Uramium9 determined toy a conventional analysis, 

earn then "be inserted into this ratio to determine the thorium content  - 

The ̂ aiithors ¥ieh to thank F» J« .Planagaa and Barbara Sc^Miartss for 

their aseistanee in .making the ealeid^tions-, T&is -work is part of a
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